of portions of the brainstem and spinal cord for a few minutes while measuring autonomic and behavioral responses in vertebrates has contributed significant insights concerning the thermoregulatory function of forebrain (1, 3, 5, 7-9, 11-12, 14-20, 22, 23, 25-26, 28-29) midbrain (l), medullary (4, 21) and spinal (4, 10, M-20, 23) temperatures. These effects have been recently reviewed by Satinoff (24), Simon (27), and Cabanac (2). There is no doubt that the effects of ambient temperature (3, 9-10, 16-17, 26, 2%29), core temperature (3, 10, 16, 18, 20, 26, 28), exercise (26), fever (26, 29), sleep and hibernation (9, 15) may affect thresholds and responsiveness of thermoregulatory responses to varying brainstem temperature. Knowledge of these effects complements information gained by ablations, electrical stimulations, electrical recordings, and transmitter substances administered to these same portions of the brainstem and spinal cord (24). Of course, an important goal of this research is to comprehend the evolution and function of the neural network which regulates body temperature in vertebrates. The in vestigations reported here on the effects of ambient, skin, and core temperatures upon the threshold and slope of the metabolic response to varying preoptic hypothalamic (POH) temperature from 33 to 41°C in the harbor seal (Phoca vitulina) were conducted with this goal in mind.
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Harbor seals were selected for these investigations for two reasons. We supposed that a marine mammal adapted both to basking in the sun on an ice floe or on shore and to plunging into icy water might have evolved lesser peripheral temperature sensitivity than terrestrial mammals. If that is true, they would be ideal subjects for studying the influences of extrahypothalamic core temperatures on POH thermosensitivity. The other reason was the opportunity to study interactions between two regulatory systems in the control of a single effector response-peripheral vasomotor activity. The control of body heat loss in the seal, which is insulated from environmental cooling by a layer of subcutaneous fat, is almost exclusively due to the control of cutaneous blood flow. Peripheral vasoconstriction is a very strong response to diving asphyxia. Since the harbor seal can hold its breath for up to 25 min, it was possible to investigate whether profound peripheral vasoconstriction in response to diving could be overridden by central thermoregulatory stimuli. SHIVERING VS. HYPOTHALAMIC TEMPERATURE R19 experiment when the bone screws holding the thermodes in place were loosened by jarring during the weeks between implantation and experimentation. Preliminary data, obtained in the field on seaZ 2, indicated a high sensitivity of metabolic response to hypothalamic cooling; but since average oxygen consumption was measured during 10 min intervals, the results were not comparable with our best data from seak 6 and 10 reported on here.
In the three usable seals (2, 8 and lo), the thermodes were placed as follows: three pairs of thermodes were inserted through pilot holes in the skin and skull and through the brain to within 1 mm of the base of the rather flat calvarium. These pairs straddled the midline at 4 mm to the right and 4 mm to the left of midline and were positioned at stereotaxic coordinates -3.0 mm, 0.0 mm, and 3.0 mm anterior to the tips of the ear bars. In addition, a seventh thermode was placed in the midline at A-P 4.5 mm, and a re-entrant tube was placed in the midline at A-P 1.5 mm and 1 cm above the base of the calvarium. X-ray photographs were obtained during the procedure to ensure proper placement of the thermodes with respect to recognizable bone landmarks on the calvarium floor; subsequent examination of the fixed brains has confirmed that the thermodes surrounded the tissue lying between the optic chiasm and the anterior commissure in these preparations. The thermodes were thin-wall, 20-gauge stainless steel tubes (1.0 mm diam x 0.05 mm wall thickness) sealed at the lower end by a helium-arc weld. A stainless steel plate with large predrilled holes was lowered over the protruding tubes and supported 1 cm above the skin by 1% in. x l/8 in. orthopedic bone screws threaded into pilot holes drilled through the skull bone. The thermodes were secured to the plate and the plate to the bone screws by soft solder. All soldered surfaces were tinned beforehand. Worthy of note is that the auditory canal of the seal is approximately 7 cm long and extends forward and upward with respect to the horizontal ear bar. Special ear bars were constructed to accommodate this length and these angles.
Seak 8 and 10 were captured as pups from ice floes in the Bering Sea in early April, 1972. They were 8 and 9 mo old and weighed about 30 kg when implanted. Data were obtained on seaZ 8 during February-May, 1973 , and on seaZ 10 during June-September, 1973 . From time of capture until termination of the investigation they grew and were maintained in good health on a diet of herring supplemented daily with Vitamin B, and minerals. SeaZ 2 was captured from the coast of northern California and implanted in November 1971. Data from it were obtained in March and April 1972. Diving experiments were performed on seaZs 2 (6) and 8.
In preparation for experimental procedures, the resident pool was drained and the seal was captured and secured on a troughlike seal board with canvas laced together over the dorsum. A neckpiece allowed considerable freedom of movement of the head but blocked escape by forward movement beneath the lacing. A ventilated clear plastic hood was placed over the head. The change in the partial oxygen pressure of the air flowing through the hood was measured on a F3M3 Beckman 0, analyzer and recorded every 30 s on a L & N Speedomax W AZAR multiple point recording potentiometer. The oxygen consumption was computed with the assumption that the RQ was 0.8 for the 18-h fasting seal. Thermocouples were inserted 15 cm into the rectum, attached to dorsal surfaces of the midback, head, and on a hind flipper with melted beeswax and a thermocouple was inserted into the hypothalamic reentrant tube to monitor the temperature of the POH tissue. The thermodes were perfused with water circulating at 200 ml/min through a coil which could be immersed in one of three water baths that could be regulated at any desired temperature. The seal and the restraint board were lowered into an environmental chamber in which the temperature could be maintained at any level between -15 and 30°C.
Each experiment lasted 4-6 h at one ambient temperature. One experiment was made a day and not more than four experiments a week per animal. Altogether, two experiments at -15°C seven experiments at 0°C seven experiments at 15°C seven at 25°C and one at 30°C were made on seaZ 2; five experiments at 0°C six at 10°C five at 20°C four at 25"C, and two at 30°C were made on seaZ 8; and five experiments at -lO"C, fourteen
at O"C, two at lO"C, five at 20°C four at 25°C and two at 30°C were made on seaZ 10. Forced air moved from head to tail at about 150 cm/s over the seal.
Experimental dives, usually 15 min in duration, were produced by flooding the head end of the tilted restraint board. Dives were performed at ambient temperatures of 10, 15, and 25°C.
RESULTS
The principle measurements recorded were oxygen consumption, rectal temperature and flipper and back skin temperatures as a function of time and in response to altering POH temperature. Figure 1 illustrates a record obtained from seaZ 10 at an ambient temperature of 0°C. Short periods of heating the POH temperature (Thy) to 40-41°C are indicated at 0.2-0.3 h and 1.3-1.4 hours. These maneuvers were made to lower the core temperature below 35OC and then follow the rate of oxygen consumption (metabolic rate) as a function of T,, and rectal temperature, T,,. At this ambient temperature, the metabolic response is clearly a function of POH temperature and rectal temperature. For example, cooling POH tissue to 35°C when the rectal temperature was at 35°C elicited a metabolic response which exceeded 350 W. Cooling the POH tissue to 35OC when the rectal temperature was successively greater, i.e., at 37 and 38°C induced lesser responses, approximately 170 and 140 W, respectively. Figures 2 and 3 illustrate records obtained from seal 10 at 20 and 30°C respectively. At an ambient temperature of 20°C cooling POH tissue to 33°C when the rectal temperature was about 35°C induced a metabolic response of about 300 W, a response that is less than 80% of the response at an ambient temperature of OOC. At an ambient temperature of 30°C cooling the POH tissue to 35°C when the rectal temperature was 36OC had little or no effect on the metabolic rate.
The effects of prolonged heating and prolonged cooling of the hypothalamus on the metabolic rate and rectal temperature are illustrated in Fig. 4 for se& 10 at an ambient temperature of 0°C. During most of the 100 min. of hypothalamic heating, metabolic rate was reduced to resting level (broken line Fig. 4 ) and less than the rate prior to hypothalamic heating or control period. Only near the end of the heating period did the metabolic rate increase to the control level while the rectal temperature no longer decreased. During the first few minutes of hypothalamic heating, the rectal temperature fell rapidly, an effect which may be attributed to shifting core heat to the thick shell of the body. Subsequently, the rectal temperature fell only slowly until it no longer decreased. (345"C), and while the core was still hypothermic (T,, = 34-35"C), the metabolic rate pep!:l=d at over 350 W, i.e., more than five times the resting rate. As the rectal temperature increased rapidly in response to this large burst in heat production, the metabolic rate declined rapidly so that the core temperature then increased less rapidly. After hypothalamic cooling was terminated, the metabolic rate dropped 30-40% to a level commensurate with an ambient temperature of O"C, i.e., IO-20% above the resting level. From Figs. 1-4, it is evident that the metabolic response of the restrained seal is a function of at least the ambient, core, and hypothalamic temperatures. An attempt was made to sort out the way each of these temperatures affects oxygen consumption by correlating the average metabolic rate during 5-min. periods with average hypothalamic temperature and average rectal temperature during the same period. Following an experimentally forced change in hypothalamic temperature, the first 5-min. period was selected to straddle the greatest change in metabolic rate. Subsequent periods followed without any break in time. For example, in Fig. 5 , all the data obtained from seaZ 10 at ambient temperatures of 20, 0, and -1OOC were plotted for three intervals of rectal temperature. In Fig. 5 A, D , and G, the data were obtained for rectal temperatures below 35°C at ambient temperatures of I-X, 0 and 20°C respectively; in Fig. 5 B, E, andH, the data were for rectal temperatures 35-35.9"C; and Fig. 5 C, F, and& the data were for rectal temperatures 36-36.9"C. Regression lines were computed and superimposed on these data in each plot of metabolic rate vs. POH temperature for each rectal temperature interval and for each ambient temperature. The slope of each regression ime -+ 1 SE of its regression coefficient and the threshold POH temperature are given in Table 1 for seaZs 8 and 10 for each of the three or four rectal temperature intervals at each of the ambient temperatures. The threshold POH temperature was determined as the POH temperature at which the regression line transected the horizontal line drawn to equal the average resting metabolic rate (RMR) obtained for all POH temperatures greater than 39°C re- Hours gardless of ambient or rectal temperatures. For sea,? 10, the vessels were irregularly and partially vasocon-RMR was 67 W or 1.86 W/kg, a value which equals stricted and dilated. When POH temperature was devalues reported by Hart and Irving for harbor seals creased, vasoconstriction was constant, and the flipper measured in the summer (13). temperature fell exponentially. Blood flow to the flipper and the dorsal skin were caused to vary by heating and cooling the POH tissue. These vascular changes were noted by recording the surface temperature of the flipper and back skin, as illustrated in Figs. 1,2 and 3 for seaZ 10 and in Fig. 6 for seaZ 6. An abrupt increase in the surface temperature when the POH tissue was heated indicates vasodilation of the flipper or dorsal skin vessels. A constant surface temperature indicates no change in blood flow, and an approximate exponential cooling of the surface temperature indicates vasoconstriction of the cutaneous vessels. Vasomotor activity in the flipper vessels was especially prominent in both seals. Striking alterations in the dorsal skin vessels were in phase with changes in POH temperature in seaZ 6 and less so in 10. We note in seaZ 10 at 20°C (Fig. 2) , that for nearly 40 min the flipper vessels remained fully dilated while the POH was being heated, but as the rectal temperature continued to fall slowly during the next hour of hypothalamic heating, The metabolic rate of seaZ 8 was also responsive to both hypothalamic and core temperatures. The first five occasions during which the POH temperature was cooled to 34"C, the metabolic rate increased an amount depending on how low the rectal temperature was. Also cooling the hypothalamic tissue a lesser extent induced less metabolic response at the same rectal temperature. These dependencies are already included in the analyses shown in Table 1 for seaZ 8.
Oxygen consumption, skin and core temperatures were measured during a sequence of five experimental dives lasting about 15 min. each (Fig. 7) . The hypothalamic tissue was heated to 39-40°C for 8 min. during the first dive. During this time, metabolic rate was reduced to the resting rate of about 65 W, flipper temperature increased to 35°C and rectal temperature steadily decreased. Hypothalamic heating was continued for another 8 min. while an experimental dive was executed. During this period, rectal temperature continued to fall while flipper temperature remained at 35°C. Not until hypothalamic temperature was lowered to 36OC did exponential cooling of the flipper begin. As the dive continued for another 7 min. the rectal temperature began to increase rapidly. During this dive, 1) the elevated hypothalamic temperature was overriding the vasoconstrictor tone typically associated with a dive and 2) hypothermia in the core and hypothalamus stimulated an increase in heat production to drive the body temperature up. In other words, the dive did not inhibit normal thermoregulatory responses in this 10°C environment. These results were confirmed in the second and third dives illustrated in Fig. 7 . Before and during most of the fourth dive, the hypothalamus was cooled and cooled again after the dive. This test was made to demonstrate whether hypothalamic cooling during a dive would produce a greater than normal oxygen debt during the dive; however, the effect was not clearly demonstrated. The final dive was executed without altering hypothalamic temperature.
DISCUSSION
These results on the harbor seal indicate that the threshold POH temperature, below which an increase in the metabolic rate may be induced, is between 39 and 4O"C, and they further indicate that this threshold temperature was not significantlv affected bv ambient tem-HAMMEL, ELSNER, HELLER, AND BAINTON perature or by extrahypothalamic core temperature. The dominant effect of both ambient temperature and core temperature is on the responsiveness of the POH tissue to cooling below the threshold temperature, i.e., the slopes of the linear regression lines drawn in Fig. 5 and the proportionality constants (cw) in Table 1 . The lower the ambient temperature and the lower the core temperature, separately and in combination, the steeper the slope of the metabolic response to hypothalamic cooling. These results on the seal contrast with those reported on for the resting dog (16). In the dog, a decrease in ambient temperature or core temperature increased the threshold POH temperature for both the metabolic response and the panting response. There were discernible effects of ambient and core temperatures on the slopes of the metabolic response and especially the panting response to hypothalamic heating and cooling. However, these effects were not thought at that time to be sufficiently striking to be considered as physiologically significant in the dog (16). Similar influences of ambient temperature on the thresholds and proportionality constants for the metabolic response to POH cooling have been observed in several species of rodents (9, 14), but in these species extrahypothalamic core temperature has practically no influence on either threshold or proportionality constants. Data on the metabolic response of resting cats to heating and cooling the POH tissue suggest that both the slope and the threshold of the metabolic response curves were increased with lower ambient temperature (17). The force of this important conclusion was weakened, however, by insufficient attention to the influence of core temperature on the response. Carefully conducted experiments on the rabbit have convincingly established that low ambient or skin temperatures increase both the slope and the threshold of the metabolic response to heating and cooling hypothalamic tissue (29). The metabolic response of man to varying ambient temperature has been interpreted to imply that the responsiveness of the hypothalamus to cooling is enhanced in the cold environment (30) The value of all experimental manipulations of the rostra1 brainstem lies in their leading to an understanding of the neural mechanism regulating body temperature. The fact that the threshold and the slope of the metabolic response to heating and cooling the hypothalamus can both be altered by core and ambient temperaturtis and can both be altered by varying amounts according to species must be significant.
The significance of these effects can be formalized into an equation which consists of independent and dependent variables and constants which take on particular values to fit the data in hand. The significance of these effects may also be expressed as an analogue model consisting of generator potentials, adders, multipliers, etc., with each element adjusted to parallel exactly the physiological data. We choose, however, to express the physiological significance of these effects by suggesting a way neurons may react to temperature and interact with each other to yield a qualitative account of the results, Fig. 8 . We suppose that there is a population of neurons, depicted as -4 in Fig. 8, which muscles which shiver. We further suppose that neurons with an exponential dependence upon their own temperlike 4 are facilitated by a population of neurons like 2 ature, i.e., a QIO of 2 or 3 or even more. We suppose that which exhibit a high rate of spontaneous activity; howthe distribution of neurons like 1, 2 and 4 may differ ever, the Qlo of their firing rate is 1, more or less. At the considerably from species to species (27), where in some same time, neurons like 4 are inhibited by a population species they may be concentrated in the preoptic and of neurons like 1 which exhibit a spontaneous firing rate hypothalamic nuclei and in others may be thinly repre- Fig. 8 . Consequently, neuron 4 increases weakly as the hypothalamic temperature falls below threshold.
Furthermore, the threshold is not altered from the threshold observed in the cold environment.
If inhibition varies but is applied equally to neurons like 1 and 2, then the hypothalamic threshold temperature will not vary with ambient, skin or core temperatures, but the slope of the thermoregulatory response will depend on the inverse of these temperatures, i.e., the lower they are, the higher the slope, as we have found for the seal.
If only neurons like 2 are inhibited afferent information derived from the cutaneous c tors and by the modulating influences of spinal then large effects on threshold temperature and only small effects on slopes of the thermoregulatory response may be expected. The latter conditions pertain to the dog. Other proportions of this afferent inhibit0 to neurons I and 2 would yield inte ties of threshold and slope on amb temperatures.
If neurons 1 and 2 a inhibited by these afferent thermal pa periphery and if, in addition, neuron strongly inhibited by neural or humora the reticular activating system, then t taining to the hibernating ground squi plicable. Cutaneous and core temperatures have almost no effect on metabolic responses to heating and cooling the POH tissue in the ground squirrel, either when euthermic or when hibernating (14, 15) . Finally, if Q,, of neurons like I is only slightly greater than the for 2, and if neurons like 4 exhibit a norma 3), then cooling the POH may elicit little or or may even inhibit shivering.
Some birds appear to shiver weakly or not at all to hypothalamic cooling (22, 25), whereas shivering is blocked by severe hypothalamic cooling in the pigeon (23). In an environment in which the penguin (28) and the Peking duck (la) exhi cutaneous vasoconstriction and shivering, these responses may be inhibited to an extent that depends on the degree of hypothalamic cooling. Furthermore, graded inhibition by hypothalamic cooling applies also to secretion of nasal salt gland during continuous gastric injection of NaCl in the penguin (11) and to continuous intravenous (iv) infusion of NaCl in the Peking duck (12). This inhibition applied to the release of antidiuretic hormone during osmotic diuresis in the duck receiving continuous iv infusion of mannitol (12). Cooling the spinal cord increases shivering (oxygen consumption) and cutaneous vasoconstriction in the pigeon (23) and in the Adelie penguin, if these responses were already active, i.e., shivering and vasoconstriction could not be induced by cooling the spinal cord of a penguin in a neutral or warm environment (10).
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